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ABSTRACT
Aims. In this paper, we investigate the temporal evolution and north-south (N-S) asymmetry in the occurrence of solar flares during
cycle 21, 22, and 23, and compare the results with traditional solar activity indices.
Methods. The flare activity is characterized by a soft X-ray (SXR) flare index, which incorporates information about flare occurrences
during a selected interval along with the peak intensity of individual events.
Results. The SXR flare index correlates well with other conventional parameters of solar activity. Further, it exhibits a significantly
higher correlation with sunspot area over sunspot number, which suggests the variations in sunspot area to be more closely linked
with the transient energy release in the solar corona. The cumulative plots of the flare index indicate a slight excess of activity in the
northern hemisphere during cycle 21, while a southern excess clearly prevails for cycles 22 and 23. The study reveals a significant N-S
asymmetry, which exhibits variations with the phases of solar cycle. The reliability and persistency of this asymmetry significantly
increases when the data is averaged over longer periods, while an optimal level is achieved when data is binned for 13 Carrington
rotations. The time evolution of the flare index further confirms evolution of dual peaks in solar cycles during the solar maxima and
violation of Gnevyshev-Ohl rule for the pair of solar cycles 22 and 23.
Conclusions. The SXR flare index in the northern and the southern hemispheres of the Sun exhibits significant asymmetry during the
evolutionary phases of the solar cycle, which implies that N-S asymmetry of solar flares is manifested in terms of the flare counts as
well as the intensity of flare events.
Key words. Sun: activity – Sun: corona – Sun: flares
1. Introduction
The Sun displays a multitude of magnetic activities, collectively
referred as the solar activity, across a wide range of spatial, tem-
poral, and energy scales. These activities while being time de-
pendent are also spatially localized on the photosphere and in the
solar atmosphere. The quasi-periodic variation of ∼11 years is
known to be the most fundamentalmanifestation of solar activity
characterizing a systematic pattern in solar magnetism over long
timescales. In short-term variations, the 27-day periodicity is the
most prominent and is attributed to the solar rotation. These peri-
odic variations are reflected in many solar activity indices related
to photospheric, chromospheric, and coronal activity.
The solar active phenomena in their different manifestations
(e.g., sunspots, flares, prominences, etc.) are known to have
nonuniform spatial distributions at the corresponding region of
occurrences. Further, it has also been recognized that there is a
statistical imbalance in these occurrences of solar activity be-
tween the northern and the southern hemispheres of the Sun
when averaged over a suitable timescale. This phenomenon, in-
trinsic to the active Sun, is known as the N-S asymmetry, the
prediction of which may pose a challenge for a successful solar
dynamo model. However, the N-S asymmetry exhibits temporal
evolution within a given solar cycle along with significant vari-
ations in different solar cycles. Investigations of the distribution
of these activity features over the solar disk and their evolution
with solar cycles are then of fundamental importance, leading to
a better understanding of the origin and evolution of the solar
magnetism.
The existence of N-S asymmetry has been investigated uti-
lizing several activity indices like sunspot number, sunspot
area, flare, filament, magnetic flux, coronal mass ejection, etc.
(e.g., Howard, 1974; Garcia, 1990; Verma, 1993; Temmer et al.,
2001; Joshi & Pant, 2005; Joshi et al., 2006a; Zharkov et al.,
2005; Temmer et al., 2006; Li et al., 2009; Joshi et al., 2009;
Gao et al., 2009; Zharkov & Zharkova, 2011). These studies re-
veal the real nature of asymmetry in different manifestations of
the solar magnetic fields. Howard (1974) investigated the N-S
distribution of solar magnetic flux for the period 1967–1973 and
found that about 95% of the total magnetic flux of the Sun is
confined to latitudes below 40◦ in both hemispheres. It was also
found that the total magnetic flux in the north exceeds that in the
south by 7%. Roy (1977) studied the N-S distribution of major
flares (during the period 1955–1974), sunspot magnetic config-
uration (during the period 1962–1974), and sunspot area (during
the period 1955–1974) and found that the northern hemisphere
dominates the southern in all these categories. Garcia (1990) per-
formed a systematic study of N-S distribution of soft X-ray flares
(class ≥ M1) during solar cycles 20 and 21. This study clearly
reveals that the spatial distribution of flares varies within a solar
cycle such that the preponderance of flares occurred in the north
during the early part of the cycle and then moves toward south
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as the cycle progresses. Li et al. (1998) investigated the N-S dis-
tribution of soft X-ray flares during solar cycle 22 and found the
dominance of southern hemisphere. Verma (2000) examined the
latitudinal distribution of solar active prominences (SAP) for the
period 1957–1998 and detected a significant N-S asymmetry that
does not seem to have relation with the maximum or minimum
phases of solar cycle. Temmer et al. (2002) found significant N-
S asymmetry in sunspot numbers during the period 1975–2002.
They analyzed the hemispherical asymmetry in context of rota-
tional behaviors in the northern and southern hemispheres and
concluded that the magnetic field systems originating in the two
hemispheres to be only weakly coupled.
A meaningful statistical analysis of any observation requires
a data set optimal in terms of timescales and physical processes
inherent to that observation. Based on this, in this paper we
present a statistical analysis of solar X-ray flares observed by
Geostationary Operational Environment Satellites (GOES). The
novelty of this analysis lies in the characterization of flare ac-
tivity by soft X-ray flare index instead of the traditional flare
counts. The flare activity has been compared with several other
activity parameters that occur in different atmospheric layers of
the Sun. We have further examined temporal evolution of flare
activities along with their N-S asymmetry and discuss the impli-
cations of the results toward a better understanding of the solar
cycle.
The paper is organized as follows. In section 2, we present
a plausible rationale for choosing the soft X-ray flare index as a
favored solar activity indicator over other conventional counter-
parts. The data analysis and results are presented in section 3. In
section 4, we discuss the results of our analysis in detail.
2. Soft X-ray flare index
We consider the observations of soft X-ray flares taken by Earth
orbiting GOES satellite. In the GOES classification scheme, the
category of a flare is denoted by a letter (A, B, C, M, or X)
corresponding to the peak soft X-ray flux (ranging from <10−7
Wm−2 to >10−4 Wm−2), observed by 1−8 Å channel along with
a number (1−9) that acts as a multiplier. Therefore, the class
of a flare directly provides information about the peak intensity
of emission. Moreover, this X-ray classification of solar flares
being based on the denary logarithmic scale, allowed Antalova
(1996) to define the soft X-ray flare index (FIS XR) by weigh-
ing the SXR flares of classes C, M, and X as 1, 10, and 100,
respectively (i.e., in units of 10−6 Wm−2). In this manner, for ex-
ample, the SXR flare index for individual events of class C7.3,
M2.9, and X4.8 would be 7.3, 29.0, and 480, respectively. In
our analysis, we also included the contribution of flares of class
B in the calculation of daily FIS XR. In view of flares less in-
tense than C1 being generally detected at the minimum phase
of a cycle when the background is low, such inclusions of B
class flares render FIS XR a very sensitive and useful indicator
for analyzing short-term and small-scale fluctuations in flare ac-
tivity (e.g., Joshi & Joshi, 2005; Abramenko, 2005), even dur-
ing phases of lower solar activity. In contrast, during the max-
imum phase FIS XR is more biased toward major flares and any
weighted contribution from B-class flares, although present, is
negligible.
The daily FIS XR is given by
FIS XR = 0.1 ×
∑ j=NB
j=1 m
B
j
+ 1.0 ×
∑ j=NC
j=1 m
C
j
+ 10.0 ×
∑ j=NM
j=1 m
M
j
+ 100.0 ×
∑ j=NX
j=1 m
X
j
,
(1)
with mB, mC , mM , mX as the digit multipliers and
NB, NC , NM , NX are the daily counts for flares of class B, C, M,
and X, respectively (Joshi & Joshi, 2004). The FIS XR computed
using the above expression agreeably represents daily variations
of SXR flare activity and can be a versatile parameter to ex-
amine the flare productivity over different temporal and spatial
scales (see, e.g., Landi et al., 1998). In contemporary studies,
flare counts are used as an index of solar activity where equal
weight is given to flares of different intensities. Since less ener-
getic flares (e.g., flare of SXR class below M1 or Hα Subflares)
constitute a large fraction of total flares (up to ∼85-90%; see,
e.g., Joshi & Pant, 2005), a straight forward use of flare counts
yields results that are susceptible to a bias toward less energetic
flares. The use of FIS XR circumvent this bias as proper weight
is given to flares of different classes depending on their peak in-
tensities, effectively providing an intensity weighted flare statis-
tics associated with all the active regions of different sizes and
complexities present over the solar disk during an observation
period. In Table 1 we present counts of soft X-ray flares of dif-
ferent classes and corresponding FIS XR over solar cycles 21, 22,
and 23. The year wise list of SXR flares observed by GOES are
published by the National Geophysical Data Center (NGDC1).
Since the ensuing analysis also correlates FIS XR with other ac-
tivity indicators, in the following we summarize them for easy
reference.
– Sunspot number: Historically, the relative sunspot number
R is the most fundamental index of solar activity. Each iso-
lated cluster of sunspots is termed a sunspot group, and it
may consist of one or a large number of distinct spots. The
relative sunspot number is defined as R = K(10g+ s), where
g is the number of sunspot groups and s is the total number
of distinct spots. The scale factor K is an observer related
correction factor, which depends upon the actual seeing con-
ditions and the instrument used. The sunspot number sepa-
rately for the northern and southern hemisphere of the Sun
is made available by the National Geophysical Data Center
(NGDC2).
– Sunspot area: The Royal Greenwich Observatory (RGO)
started compiling sunspot observations fromMay 1874 from
a small network of observatories to produce a data set of
daily sunspot area. The observatory concluded this data set in
1976 after the US Air Force (USAF) started compiling data
from its own Solar Optical Observing Network (SOON).
This work was continued with the help of the US National
Oceanic and Atmospheric Administration (NOAA). The
daily data of sunspot areas, expressed in units of millionths
of solar hemisphere, is available at the NASA’s Marshall
Space Flight Center3.
– Hα flare index: Solar flares are traditionally observed in Hα
filter by ground based observatories. To quantify daily flare
activity on the basis of Hα measurements, Kleczek (1952)
introduced flare index as FIHα = i× t, where i represents the
intensity scale of importance and t the duration (in minutes)
of the flare (Atac¸, 1987; Atac¸ & O¨zgu¨c¸, 1998). The flare in-
dex FIHα is assumed to represent roughly the total energy
emitted by the flares. The daily flare index is computed by
Kandilli Observatory4, Istanbul, Turkey using the final list
of Hα flares compiled by the NGDC.
1 http://www.ngdc.noaa.gov/ngdc.html
2 http://www.ngdc.noaa.gov/ngdc.html
3 http://solarscience.msfc.nasa.gov/greenwch.shtml
4 http://www.koeri.boun.edu.tr/eng/topeng.htm
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Table 1. Occurrence of soft X-ray flares during solar cycle 21, 22, and 23.
Class Cycle 21 Cycle 22 Cycle 23
Counts FIS XR Counts FIS XR Counts FIS XR
X 148 (1.4 %) 33870 (33.8 %) 144 (1.3 %) 31130 (30.8 %) 107 (0.9 %) 27820 (35.3 %)
M 1681 (15.6 %) 39265 (39.1 %) 1673 (14.6 %) 40591 (40.2 %) 1060 (8.8 %) 25799 (32.7 %)
C 8033 (74.6 %) 26670 (26.6 %) 7821 (68.0 %) 28177 (28 %) 7259 (59.9 %) 23395 (29.7 %)
B 900 (8.4 %) 464 (0.5 %) 1857 (16.1 %) 1036 (1 %) 3674 (30.4 %) 1776 (2.3 %)
Notes. The events of soft X-ray flares over the solar cycle are characterized by their counts as well as soft X-ray flare index (FIS XR). The value in
brackets denotes the contribution of the corresponding parameter out of its total value over that particular solar cycle. The FIS XR has been rounded
up to the nearest integer.
Table 2. Start and end times of solar cycles 21, 22, and 23 in terms of Carrington rotation (CR) and calendar units.
Solar cycles Start End
Cycle 21 CR 1642 (June 1976) CR 1779 (August 1986)
Cycle 22 CR 1780 (September 1986) CR 1909 (April 1996)
Cycle 23 CR 1910 (May 1996) CR 2080 (December 2008)
Fig. 1. Temporal evolution of FIS XR , sunspot
number, sunspot area, F10.7, and FIHα (from
top to bottom panels) during solar cycles 21,
22, and 23. Different plots represent values
of corresponding solar activity parameter aver-
aged over a Carrington rotation (CR). The X-
axis is labeled in the units of Carrington ro-
tation as well as calendar year. The vertical
dashed lines indicate the minimum phase of so-
lar cycles. The smoothed curve in each plot in-
dicates the 13-point running averages.
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Fig. 2. Scatter plots showing correlation of
sunspot number, sunspot area, FIHα, and F10.7
with FIS XR . The value of correlation coefficient
(r) is mentioned in each panel.
– F10.7 solar radio flux: The Sun emits radio energy with a
slowly varying intensity. The radio flux at 10.7 cm (F10.7),
which originates from atmospheric layers high in the Sun’s
chromosphere and low in its corona, changes gradually from
day-to-day, in response to the number of sunspot groups on
the disk. At 10.7 cm (i.e., 2800 MHz), radio intensity lev-
els consist of emission from three sources: from the undis-
turbed solar surface, from developing active regions, and
from short-lived enhancements above the daily level. Solar
flux density at 10.7 cm has been recorded routinely by radio
telescopes near Ottawa (February 14, 1947−May 31, 1991)
and Penticton, British Columbia, since June 1, 1991 and is
available through NGDC.
3. Analysis and results
3.1. Solar cycle evolution
The temporal evolution of FIS XR during solar cycles 21, 22, and
23 is shown in Fig. 1 (panel a). The plot shows the average of
FIS XR over a Carrington rotation (CR). We believe this represen-
tation of solar activity in terms of CR (i.e., rotational average) to
be an apt choice since in any dynamo theory the differential ro-
tation is responsible for stretching out the poloidal field lines to
generate the toroidal field. The toroidal to poloidal field conver-
sion occurs through the Babcock-Leighton mechanism, which
along with the meridional circulation completes the solar dy-
namo. The consequent topological complexity of the magnetic
field then produces the variety of active phenomena observed at
the outer and atmospheric layers of the Sun. Moreover, by av-
eraging over a CR, we suppress the large fluctuations generated
over short intervals due to the violent activity from a particular
active region (AR), as a typical AR would decay substantially
over a single Carrington rotation. In Fig. 1, we also show the
rotational average of sunspot number, sunspot area, F10.7, and
FIHα (panels b-e). Each panel of Fig. 1 also shows the 13-point
running average of the corresponding parameter. In Table 2, we
summarize onset and end times of solar cycles 21-23 in terms of
CR as well as calendar units.
In Fig. 2, we show scatter plots between FIS XR and other in-
dices of solar activity, viz., sunspot number, sunspot area, FIHα,
and F10.7 with data from all the three cycles being considered.
We find that FIS XR has good positive (r >0.6) correlation with
other activity parameters. In Table 3, we list correlation coeffi-
cients between above mentioned parameters calculated for indi-
vidual cycles. Since both FIS XR and FIHα represent flare emis-
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Fig. 3. Scatter plots showing correlation of
FIHα with sunspot number and sunspot area.
The value of correlation coefficient (r) is men-
tioned in each panel.
Table 3. Correlation coffefficient (r) of soft X-ray flare index (FIS XR) with sunspot number (SN), sunspot area (SA), 10.7 cm solar
radio flux (F10.7), and Hα flare index (FIHα).
Cycle no. N r (S N/FIS XR) r (S A/FIS XR) r (F10.7/FIS XR ) r (FIHα/FIS XR)
Cycle 21 138 0.60 0.73 0.67 0.83
Cycle 22 130 0.76 0.84 0.82 0.90
Cycle 23 169 0.58 0.74 0.64 0.81
Notes. Correlation is studied between CR averaged values of the corresponding parameters. N denotes number of data points for each cycle. For
each case the p-value is < 0.0001, which together with r, indicates a very high correlations between FIS XR and other solar activity parameters.
sion at different levels of solar atmosphere, it is worthwhile to
compare how these two flare parameters correlate with sunspot
activity. For this comparison, we depict correlation of FIHα with
sunspot number and sunspot area in Fig. 3.
3.2. North–south asymmetry
In Fig. 4, we show rotational average of FIS XR separately for
the northern and the southern hemispheres of the Sun. The plots
clearly indicate that the flare activity is asymmetric in the two
hemispheres. Also noteworthy are the epochs in every cycle
when this asymmetry is enhanced. The N-S asymmetry is further
explored in Fig. 5 by plotting the cumulative values of FIS XR for
solar cycles 21, 22, and 23. For a comparison with sunspot activ-
ity, the plot is further overlaid with cumulative values of sunspot
area. This representation of N-S asymmetry makes it possible
to examine the subtle evolutionary aspects of solar cycle, which
are missed when the activities in the two hemispheres are com-
pared by averaging the activity index over certain time periods
(Garcia, 1990). In these plots, the vertical spacing between the
two curves at every instant is a measure of the northern/southern
excess of the respective activity parameter up to that time.
To assess the significance of the observed N-S asymmetry,
we applied the paired Student’s t-test. The test statistics tˆ is de-
fined by
tˆ= (
∑
Di)/n√∑
D2
i
−(
∑
Di)
2/n
n(n−1)
, (2)
where Di is the difference of paired values (here FIS XR in the
northern and the southern hemispheres) and n represents the
number of elements in each group over which the corresponding
time series is split. The parameter n− 1 is the number of degrees
of freedom. Let (FIS XR)N and (FIS XR)S denote the averages of
FIS XR over a certain period for the northern and the southern
hemispheres, respectively. The Student’s t-statistic and the cor-
responding probability then essentially signify the two sample
populations: (FIS XR)N and (FIS XR)S , to have significantly differ-
ent mean values. The fundamental assumption in applying this
test is the data to be selected from populations with the same
true variance. The Student’s t-test is performed using IDL rou-
tine TM TEST.
The Student’s t-test has been used in previous studies
to examine the N-S asymmetry of sunspot distribution (e.g.,
Temmer et al., 2002). In the present case, we are using this test
to evaluate the asymmetry in the distribution of FIS XR in the
two hemispheres, which represents the weighted flare intensity
over a time interval, while the individual flare events are lo-
calized both in space and time. In a strict mathematical sense,
the Student’s t-test may not be applicable in our case since
the data set comprising of flare events in the northern and the
southern hemispheres do not have same true variance (i.e., not
Gaussian in distribution). Therefore, it is useful to first com-
pare the variance of the FIS XR of the two data sets over different
time intervals with increasing bin sizes and then select an op-
timal time interval for studying the N-S asymmetry of FIS XR.
For this purpose, we examined the difference of standard de-
viations of FIS XR in the northern and the southern hemispheres
(σdi f f = σ(FIS XR)N−σ(FIS XR)S ) with increasing bin sizes from
1 CR to 16 CRs in steps of 1 CR. Further examination of σdi f f
beyond a bin size of 16 CRs is not found to be statistically mean-
ingful because of a significant reduction in number of available
data points. We provide relevant examples of this comparison in
Fig. 6, where σdi f f is plotted with bin sizes of 2, 7, 13, and 16
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Fig. 4. Evolution of FIS XR in the northern and
the southern hemispheres during solar cycle 21,
22, and 23. Note that X-axis is labeled in the
units of Carrington rotation as well as calendar
year. The vertical dashed lines indicate the min-
imum phase of solar cycles.
CRs. The plot confirms the σdi f f to exhibited large variations
for shorter binning intervals while variations, in general, are re-
duced with an increase in the bin size. With a bin size of 13 CR,
the σdi f f is minimal with a value < 50 except at the three phases
(marked by arrows in Fig. 6, panel d) which are not unique to this
particular case but are present with other successive binning in-
tervals also (i.e., 14, 15, and 16). Additionally, binning intervals
above 13 CRs does not yield better results, and only decrease
the number of samples for the asymmetry analysis within a cy-
cle. We then select 13 CRs to be an optimal timescale to examine
the asymmetry explored in this work.
The N-S asymmetry of FIS XR with 13 CR averaged values
is shown in Fig. 7 using the following two representations: ab-
solute asymmetry index and normalized asymmetry index. The
absolute asymmetry index (Fig. 7, panel a) gives the difference
of values in the northern and the southern hemispheres (∆NS =
(FIS XR)N−(FIS XR)S ). This plot also indicates the statistical sig-
nificance of asymmetry values (i.e., the probability determined
by Student’s t-test for each data set of 13 CR averaged (FIS XR)N
and (FIS XR)S ) and the results with probability ≥80 % are anno-
tated by different symbols (asterisks and circles for significance
levels of ≥95 % and 80–95 %, respectively).
It is traditional to depict the N-S asymmetry in term of nor-
malized asymmetry index, defined as
ANS =
(FIS XR)N − (FIS XR)S
(FIS XR)N + (FIS XR)S
. (3)
In panel b of Fig. 7, we have shown the evolution of ANS . We
compare the evolution of FIS XR for the full solar disk, northern
hemisphere, and southern hemisphere by plotting their running
averages taken over 13 CRs in Fig. 8(a)-(b). In order to study
the association of the evolutionary aspects of flare activity with
sunspot activity, we also show the running average of sunspot
area over 13-CR for the individual hemispheres in this figure
(panel c).
4. Discussions
We present statistical analysis of temporal evolution and hemi-
spherical asymmetry of soft X-ray flares during solar cycles 21,
22, and 23. Here the flare activity is characterized by FIS XR in-
stead of traditional flare counts.We believe that representation of
flare activity in terms of FIS XR is more useful over flare counts as
the flare index encompasses information about flare occurrences
over a certain period as well as the weighted intensity of events.
The flare statistics given in Table 1 highlights the advantage of
FIS XR. We recognize different perspectives when flare statistics
is sampled in terms of their counts and FIS XR. For example, X-
class flares form a very small fraction of the total number of
flares for a given cycle (∼1–1.5 %), while their contribution in
terms of FIS XR is quite significant (∼30–35 %). On the other
hand, C-class flares occur most frequently (∼60–75 %) but in
terms of FIS XR their contribution toward total activity during a
cycle is always less than X- or M- class events. Notably, the
peak intensity of soft X-ray emission can be taken as the proxy
for flare’s thermal energy content, which is intimately connected
to the high energy (non-thermal) processes occurring in the solar
corona during a flare. Hence, we believe that it is important to ex-
amine the cyclic evolution of flare activity in terms of FIS XR and
compare the results with more conventional activity parameters.
Moreover, FIS XR has previously been used with objectives to
understand the association of flare activities with different solar
phenomena of varied spatial and temporal scales (Landi et al.,
1998; Park et al., 2010; Jing et al., 2006).
The cross-correlation analysis of FIS XR with other funda-
mental and well-accepted solar activity parameters reveals that
FIS XR has a good positive correlation with them (Fig. 2 and
Table 3). The comparison of correlation coefficients given in
Table 3 clearly indicates that FIS XR has maximum correlation
with FIHα ( r = 0.82, cf. Fig. 2), which is expected because
both indices represent flare activity. However, we should note
that during a flare, soft X-ray and Hα emissions are produced
from distinct parts of a coronal loop threading different layers of
the solar atmosphere (for a review, see Joshi et al., 2012). The
Hα emission originates from the chromospheric layers of the
6
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Fig. 5. Cumulative values of FIS XR (top
panel) and sunspot area (bottom panel) for
the northern (solid line) and the south-
ern (dotted line) hemispheres during solar
cycle 21, 22, and 23. In this representa-
tion, the vertical distance between the two
curves (i.e., solid and dotted lines) at any
time characterizes the north/south excess
up to that epoch.
Sun where the footpoints of the coronal loops are anchored. On
the other hand, SXR emission is produced in coronal loops and
indicates the presence of hot plasma (∼10−20 MK) inside them.
Because of this reason, the size and intensity levels of a flare in
Hα and SXR may not have one-to-one correspondence. This is
also reflected in the scatter plots between FIS XR and FIHα, as the
correlation coefficients between the two indices vary in different
cycles and never exceeds 90% (6th column of Table 3).
The correlation of FIS XR with sunspot area is significantly
higher than sunspot number (Fig. 2). This fact is even more no-
ticeable when the scatter plots of individual cycles are consid-
ered (see 3rd and 4th columns of Table 3). Here we emphasize
that although sunspot number and sunspot area represent same
manifestation of solar activity, the spatial location of the under-
lying process of flux emergence may lead to differences in their
activity levels. In a simple sense, sunspot number is a measure
of total counts of distinct centres on the solar disk where in-
tensive magnetic flux emergence takes place. Here it is impor-
tant to note that any variations in sunspot number would depend
on the location of the new flux emergence. If the new flux is
emerged from locations away from developed sunspot groups
the sunspot number would tend to increase. On the other hand,
emergence of new flux in the vicinity of, or within, fully devel-
oped sunspots may not show corresponding increase in their total
numbers, while significantly enhancing active region’s magnetic
complexity (see, e.g., Ballester et al., 2002). It is well known that
the occurrence rate of flares is highly dependent on the mag-
netic complexity of active region. The significantly high cor-
relation of FIS XR with sunspot area than sunspot numbers is
therefore suggestive of the fact that sunspot area is more sen-
sitive toward describing the magnetic complexity, which leads
to higher flare productivity. We further note that during cycle
23, correlation coefficients of sunspot area and sunspot number
with FIS XR show appreciable variations (0.74 vs 0.58). Here it
is important to emphasize that during cycle 23, FIS XR includes a
relatively larger fraction of smaller flares (B and C class events)
compared to cycles 21 and 22 (cf. Table 1). On the basis of
above observations, we speculate that during cycle 23 magnetic
flux emergence took place in a more scattered way, resulting
the observed deviations in the evolutionary patterns of sunspot
number, sunspot area, and flare activity. Ballester et al. (2002,
2004) studied the periodic variability of photospheric magnetic
flux during cycles 21, 22, and 23. Their study provides evi-
dence for a possible link between the spatial evolution of mag-
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Fig. 6. A few examples showing the difference
of standard deviation of FIS XR (σdi f f ) in the
northern and the southern hemispheres for four
cases with increasing bin sizes of 2, 7, 13, and
16 CRs. Note that σdi f f exhibited large varia-
tions for shorter binning intervals while varia-
tions, in general, reduced with increase in the
bin size. Gray shaded area denotes σdi f f below
±50.
netic flux emergence and rate of solar flares, which is consis-
tent with our results (see also Joshi et al., 2006b). In particu-
lar, many irregularities in sunspot manifestations during cycle 23
have been well observed and extensively studied (Russell et al.,
2010; Lukianova & Mursula, 2011; Lefe`vre & Clette, 2011;
Clette & Lefe`vre, 2012; Livingston et al., 2012; Chapman et al.,
2014) that finally point to the complexities of underlying so-
lar dynamo processes. Lefe`vre & Clette (2011) found that cy-
cle 23 is quite distinguishable from the previous cycle in terms
of significant deficit in small sunspot, while large-scale spots
remained largely unaffected. This behavior was pronounced in
sunspots with short lifetimes indicating scale-dependent changes
in sunspot properties (see also Clette & Lefe`vre, 2012). Infrared
spectral observations of sunspots from 1998 to 2011 (cycle 23
and beginning of cycle 24) provide crucial evidence for a con-
tinuous weakening in the magnetic field strength of sunspots
(Livingston et al., 2012).
The soft X-ray flare index exhibits a good correlation with
solar radio flux observed at 10.7 cm (in fact better than that with
sunspot number; cf. Fig. 2 and Table 3). This indicates that the
short-term variations in F10.7, which originates in high chro-
mospheric and low coronal levels, is closely associated with the
flare activity. Here we also mention that soft X-ray flare, repre-
senting emissions from hot coronal loops, is essentially an indi-
cator of coronal activity.
In Fig. 3, we have examined correlations of FIHα with
sunspot number and sunspot area. We find that in comparison to
FIS XR, FIHα exhibits stronger positive correlation with sunspot
related parameters (cf. Fig. 2 (panels a and b) and Fig. 3). We
have already mentioned in the earlier section that the two flare
indices represent consequence of the basic energy release pro-
cess by magnetic reconnection at different altitudes of solar at-
mosphere. In addition, although FIS XR indicates good positive
correlation with both sunspot parameters, its correlation coeffi-
cients between sunspot number and area show significant dif-
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Fig. 7. North-south (N-S) asymmetry of FIS XR
during solar cycles 21, 22, and 23. The asym-
metry has been represented by absolute asym-
metry index (panel a) as well as normalized
asymmetry index (panel b). The FIS XR is av-
eraged over 13 Carrington rotations for the
asymmetry analysis. Vertical dashed lines indi-
cate solar activity minima. The statistical sig-
nificance of N-S asymmetry is assessed by
Student’s t-test and the results are marked by
circle/asterisk symbols in top panel. Here aster-
isks and circles represent N-S asymmetry with
significance levels of ≥95 % and 80–95 %, re-
spectively.
ference (r=0.66 vs 0.78). On the other hand, in case of FIHα,
the correlation coefficients are comparable (r=0.86 vs 0.88).
Further, both flare indices exhibit better correlation with sunspot
area. This suggests that among the two parameters describing
sunspot formation, sunspot area should be considered more ‘ro-
bust’ in characterizing solar activity.
A comparison of time profiles of different solar activity pa-
rameters, presented in Fig. 1, reveals that FIS XR and sunspot
area show more fluctuations from their mean level compared to
sunspot number and F10.7. These plots further show that the
level of activity during cycle 23 is lower than previous solar cy-
cles for all the indices. This clearly indicates that Gnevyshev-
Ohl (G-O) rule (Gnevyshev & Ohl, 1948) was violated for the
pair of cycles 22/23 for all the indicators of solar activity, which
are essentially related to different layers of solar atmosphere
and computed through multiwavelength measurements. The G-
O rule states that the sum of sunspot numbers over an odd cycle
exceeds that of the preceding even cycle. This rule is also re-
ferred to as the even-odd effect. With the exception of the pair of
cycles 4/5, this relationship held until cycle 21. If cycle ampli-
tudes are compared then the pair of cycles 8/9 is also an excep-
tion (see, e.g., Hathaway, 2010).
The temporal evolution of sunspot activity (number as well
as area) within a cycle reveals the existence of two peaks during
the maximum phase of activity, which can easily be recognized
from the smoothed plots of Fig. 1. The occurrence of double
peaks was first recognized by Gnevyshev (1967) and the interval
between the two peaks is often referred to as the Gnevyshev Gap
(see also Norton & Gallagher, 2010). However, it is noted from
Fig. 1 that the distinctness of the double-peak structure varies be-
tween different cycles and activity parameters. We also find that
among five parameters considered here, the Gnevyshev peaks
are the most prominent in sunspot area with gaps of ∼22, ∼19,
and ∼23 months for cycle 21, 22, and 23, respectively.
The plot of FIS XR in the northern and the southern hemi-
spheres of the Sun clearly indicates the existence of hemispheri-
cal asymmetry in the occurrence of solar flares (Fig. 4). A further
investigation of asymmetrical evolution of FIS XR and its com-
parison with sunspot area is shown in Fig. 5 by presenting the
variation of their cumulative counts.We find that during solar cy-
cle 21 FIS XR exhibits a northern excess, which prevails up to the
end of the cycle. In the sunspot area of cycle 21, there is a north-
ern excess during most of the cycle and the temporal variations
are also comparable to that of FIS XR, however, in the last phase
of the cycle sunspot area in the southern hemisphere increased
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Fig. 8. (a): Temporal evolution FIS XR is shown
by plotting the running average over 13-CR.
(b)-(c): The evolution of FIS XR and sunspot
area for the northern (black shaded area) and
the southern (gray shaded area) hemispheres.
The excess of solar activity in one hemisphere
over the other can be well understood by these
smoothed plots.
rapidly making a southern excess by the end of the cycle. From
this observation, we infer that an increase in sunspot area in the
southern hemisphere does not cause enhancement in flare activ-
ity on similar scales. During cycles 22 and 23, FIS XR and sunspot
area show similar variations. Both cycles exhibit a southern ex-
cess by the end of the cycle. Complimentary to the above obser-
vations, it is further useful to compareN-S asymmetry of sunspot
area with sunspot number. In earlier works, N-S asymmetry of
number of sunspots and sunspot groups have been studied in de-
tail (Li et al., 2001; Temmer et al., 2002; Bankoti et al., 2011). A
comparison of our results with these studies clearly shows that
the evolution of asymmetry in both sunspot related parameters
(area and number) are consistent during solar cycles 21–23.
We evaluated the reliability of the observed N-S asymmetry
in FIS XR by applying the Student’s t-test. Although this test is
widely used to examine the significance of asymmetry between
two data sets, it is also useful to recognize an optimal timescales
over which the asymmetry can be considered meaningful for the
phenomenon under investigation. In our case, a comparison of
variance in the distribution of FIS XR between the northern and
the southern hemispheres reveals that a N-S asymmetry should
be considered meaningful in a global sense when averages are
taken over longer time intervals with a comparable true variance
being accomplished at 13 CRs (Fig. 6). Our above finding of
∼13 CRs as an optimal interval to examine N-S asymmetry then
provides a possible minimum timescale over which the distribu-
tion of FIS XR in the two hemispheres are randomized enough for
the t-test to be applicable. The timescale of ∼13 CRs, being ap-
proximately 1 calendar year, agrees well with the timescale con-
sidered in some of the N-S asymmetry investigations (see, e.g.,
Atac¸ & O¨zgu¨c¸, 1996; Joshi & Pant, 2005; Gao et al., 2009).
In Fig. 7, we have shown N-S asymmetry in terms of ab-
solute and normalized asymmetry indices. The Student’s t-test
reveals that the observed asymmetry is highly significant in 65%
cases (see Fig. 7, panel a). In the representation of normalized
asymmetry (Fig. 7, panel b), the large asymmetries at minimum
phases is a trivial consequence of occurrence of small number
of flares during solar cycles minima. In Fig. 8, we plot 13-CR
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running average of FIS XR and sunspot area for the two hemi-
spheres. From this representation, it is evident that the domi-
nance of one hemisphere over the other persists for several rota-
tions. In general during cycles 21–23, the northern hemisphere
was more active during the ascending phase of the cycle, while
the southern hemisphere exhibits dominant activity during the
descending phase. The successive dominance of the northern
and the southern hemispheres during ascending and descending
phases, respectively, in the last three cycles has earlier been re-
ported in other solar activity indicators such as, sunspot number,
sunspot area, Hα flare index, photospheric magnetic flux etc.
(see, e.g., Atac¸ & O¨zgu¨c¸, 1996; Temmer et al., 2006; Li et al.,
2009; Vernova et al., 2014). This plot also reveals information
about the origin of the dual peaked structure of a solar cycle,
which can be recognized for all the solar parameters plotted in
Fig. 1. We find that the dual peak structures correspond to the
amplitude of activity in different hemispheres (Fig. 8, panels b
and c).
5. Conclusions
We have characterized solar activity in terms of soft X-ray flare
index (FIS XR) instead of the traditional flare counts and com-
pared the results with conventional solar activity indices. The
analysis of FIS XR reveals many subtle aspects of solar activity
evolution as, in addition to flare counts, the FIS XR relates to the
peak SXR intensity of individual events. In the following, we
highlight the important results of this study:
1. The study reveals that FIS XR correlates well with other con-
ventional parameters of solar activity. Further, it is noted that
among two parameters describing sunspot activity, namely,
sunspot number and sunspot area, FIS XR shows significantly
higher correlation with sunspot area over sunspot number,
which suggests the variations in sunspot area to be more
closely linked with the transient energy release in the solar
corona.
2. The cumulative plots of FIS XR for the northern and the south-
ern hemispheres indicate N-S excess through various phases
of solar cycles. It is found that, in terms of FIS XR, overall
there was a slight excess of activity in the northern hemi-
sphere for cycle 21, while a southern excess prevailed for
cycles 22 and 23.
3. The study reveals a statistically significant N-S asymmetry
in FIS XR which becomes more reliable and consistent with
the data being binned over longer periods. By comparing the
variance of FIS XR in the two hemispheres, we obtain a pe-
riod of 13 CR as an optimal time interval to explore N-S
asymmetry in intensity weighted flare index. In view of this,
a period of ∼13 CRs can be regarded as a possible mini-
mum timescale over which the distribution of FIS XR in the
two hemispheres are randomized enough to manifest a sig-
nificant N-S asymmetry.
4. During cycles 21–23, generally the northern hemisphere was
more active during the ascending phase of the cycle, while
the southern hemisphere dominated during the descending
phase.
These results imply that the evolution of flare activity in
the northern and the southern hemispheres of the Sun exhibits
significant asymmetry. Importantly, the N-S asymmetry of solar
flares is manifested with respect to the occurrence of flares along
with the intensity of flare events. The observations of various
phenomena of N-S asymmetry is crucial as these may provide
valuable constraints for solar dynamo models.
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